Abstract-Thermal to electrical energy conversation was increased by ∼ 50% by dispersing 50-nm-diameter Au nanoparticles over the black-Si light harvesting surface at an optimized concentration of the Au-colloidal solution. The size of Au nanoparticles corresponds to the extinction maximum at the spectral location of the reflection dip of black-Si substrate. BlackSi with reflectivity of 1-2% over the entire visible spectrum is a promising material for extending the operational range of solar and thermal energy convertors into longer wavelength regions. Numerical simulations reveal efficient localization of light energy absorption inside black-Si.
I. INTRODUCTION
H ARVESTING of thermal energy and its conversion into electrical power holds great potential to increase the overall efficiency of energy usage, reduce greenhouse gas emissions, and to find numerous applications in powering miniaturized sensors and monitoring devices which are becoming ever more widely implemented [1] - [3] . The current stateof-the-art of ∼ 25% efficiency Si solar cells [4] are still wasting up to 75% of energy reaching Earth surface. In fact, only 80% of sunlight can be absorbed in Si due to excessive photon energy as compared to the bandgap of 1.12 eV (1100 nm wavelength). This means that approximately 20% of solar energy is reaching Earth surface at wavelengths were Si is transparent and can not be utilized. With the emergence of efficient engineered thermo-electrical materials with a high Seebeck coefficient (thermopower), a rival/complimentary technology for sustainable electrical power generation can emerge. The waste thermal energy generated from any industrial sources (around ∼ 50%) as well as in solar cells themselves can be recovered using such thermal to electrical energy converters.
One of the most prominent applications of thermal-toelectrical convertors is power supply on long space missions, such as Viking and Pioneer [5] , where robustness and reliability are of critical importance; some are still operational after 30 years of service -far beyond the planned lifetime. Plutonium-238 in the form of oxide decays by releasing α-particles which bombard and heat the inner surface of the converter. Both, high temperature and its gradient are required which poses obvious challenges for practical and miniaturized realization of thermoelectrical convertors. The figure of merit for a thermoelectrical material is:
and as the thermoelectric efficiency of a device approaches the Carnot limit, the dimensionless figure of merit ZT approaches infinity. In the expression above α is the Seebeck coefficient, T is the absolute temperature, ρ is electrical resistivity, κ is thermal conductivity. Difference between heat dissipation and electrical current should be engineered to reach ZT > 1 at the lowest possible temperatures; e.g., for Bi 2 Te 3 ZT ≤ 1 at 400 K and for Si 1−x Ge x at 1200 K. Alloys such as BiSbTe, BiTe alloys, AgPbSbTe quaternary systems with nanoengineered electrical and thermal transport modifications due to electron band split via quantum confinement in nanocrystallites, reduction of heat transport due to larger surfaces and grain boundaries were shown to increase ZT [6] , [7] .
Here we present a plasmonic photo-thermal converter which, assuming ideal device impedance matching conditions, can reach up to 4% efficiency using a standard Peltier element and black-Si (b-Si) as a hot contact -all under typical atmospheric conditions -a result that previously had only been achieved in a vacuum [8] . Au colloidal nanoparticles have further enhanced the thermal to electrical conversion efficiency by 50%.
II. EXPERIMENTAL: SAMPLES AND METHODS
B-Si absorber was made from single side polished p-type < 100 > orientation and 500 μm thickness silicon wafer. A RIE-101iPH (SAMCO Inc.) tool capable of performing reactive ion etching and inductively coupled plasma assisted RIE was used for fabrication. A sub-micrometer height nanoneedles were formed randomly on the surface by etching silicon for 15 min in SF 6 /O 2 plasma, with process pressure of 35 mTorr, and 100 W RIE power [9] . The aspect ratio of needles and the air-Si volume fraction is controlled by plasma etching parameters. The formed nanorough surface makes reflectance as low as 1-2% across the entire 300-1000 nm spectral range. We use a commercial Peltier element (TEP1-1264-1.5, Nihon Techno Ltd.) for thermal-to-electrical power conversion by placing b-Si in vacuum grease (X-23-7877, Shinetsu silicone) mediated thermal contact with p-and n-type contacts of the element as shown in Fig. 1(a) . In this setup we use a commercial Peltier element to generate electrical power in Seebeck effect geometry and investigate the effect of b-Si and plasmonic nanoparticles in order to improve conversion efficiency.
Output voltage was measured under metal halide lamp illumination (MS-L160, Cerma Precision Co. Ltd.) which has spectrum close to that of the Sun in the 400-1000 nm range ( Fig. 1(b) ). Calibration of temperature to the output voltage of the Peltier element was carried out using a temperature controlled heater (VPE20-30S, VICS Co. Ltd.) Figure 1 Commercially available colloidal solution of 50-nmdiameter Au nanoparticles (Tanaka Co. Ltd.) was used to increase light scattering and collection by b-Si.
III. NUMERICAL MODELING
Numerical simulations of light absorption were carried out using a commercially available finite difference time domain (FDTD) solver (Lumerical). The b-Si surface texture was digitally reproduced from a SEM image of the collector material. The calculations were conducted on a 1 μm 3 domain, and the simulated b-Si was excited by a linearly polarized pulsed plane wave source, impinging at a normal to the surface. The simulation region was terminated by perfectly matched layer boundaries in the z-direction, and by periodic boundaries in xand y-axes. The short pulse (broad spectrum) response of the collector system was subsequently renormalized to the typical 1.5 AM solar spectrum. These simulations were conducted for two perpendicular linear excitation light polarizations for the purpose of, upon averaging these two results, obtaining unpolarized solar radiation absorbtion data.
IV. RESULTS AND DISCUSSIONS
Voltage generated by the Peltier element with a hot junction placed in a thermal contact with the p-and n-contacts under light illumination was measured for Ag-reflective mirror, Si and b-Si collectors (Fig. 2) . A 62.5% increase in the generated voltage (25 to 40 mV) was observed in the case of b-Si when compared to untreated Si. As expected, highly reflective (∼ 98%) Ag film of 2 μm covering Si resulted in low thermoelectric conversion voltage (< 4 mV ) due to the absence of a temperature gradient (< 0.2 K) as shown in the inset of Fig. 2(b) . Linear proportionality of the output voltage with the temperature increase and the absorbed power was observed (inset of Fig. 2(b) ).
B-Si was infiltrated with 50-nm-diameter Au spherical colloidal nanoparticles dispersed in iso-propanol to obtain a uniform distribution on hydrophobic b-Si surface. Strong reflectance changes were observed over entire visible spectral range ( Fig. 3(a) ). When reflectance was normalized to that from b-Si an extinction spectrum of Au colloidal is recognizable (panel (b)). Small shift in the extinction peak is related to the agglomeration of colloidal nanoparticles (see, the inset of (b)). At concentrations larger than 9 × 10 −9 cm 2 nanoparticles tend to agglomerate and form micro-islands on the surface of b-Si. This causes stronger reflection which correspondingly results in a lower temperature gradient, hence, the lower generated thermoelectric conversion voltage. Doubling of output (1) and optimal surface density used in creating the best collector (2); scale bar is 5 μm. Dashed line marks the 532 nm spectral position at which an increase of thermal-toelectrical conversion was measured and is shown in Fig. 4. voltage was observed under 532 nm illumination as discussed below (Fig. 4) . The largest gains in terms of thermal-toelectrical conversion efficiency can be observed for the Aunanoparticle decorated b-Si collector in the spectral window 600-750 nm where up to 3-4 times larger voltages are expected when compared to undecorated b-Si.
When b-Si was infiltrated with 50-nm-diameter Au nanoparticles at optimal density of 9×10 −9 cm 2 the largest increase in output voltage was observed under 532 nm laser illumination (Fig. 4(a) ). This additional 50% increase of the conversion voltage was observed when compared with a bare b-Si after surface loading with Au-nanoparticles. Dependence of output voltage at different densities of Au nanoparticles on b-Si was systematically measured (Fig. 4(b) ). Correlation between increased reflectivity at the lager densities of nanoparticles and decreased output voltage was clearly observed. SEM inspection shows that at larger densities nanoparticles tend to agglomerate. However, this can be ameliorated by surface chemistry modification techniques; it was not attempted in this first study. Figure 5 (b) shows a numerically simulated cross-section of b-Si, revealing the radiation absorbtion rate profile under unpolarized solar illumination. Overall absorbtion is significantly enhanced when compared to untextured Si. Furthermore, it is evident that the majority of the incident radiation is deposited in the sharp nano-spikes. By integrating the absorbtion rate over the volume of b-Si we determined that up to 80% of light is collected in the spikes, with the remaining 20% absorbed in the bulk. a factor of 4. These electric field hot-spots can then efficiently transfer their energy to be dissipated in the Si protrusions. The anti-reflective properties of b-Si become especially apparent when contrasted to the electric field distribution profiles for plain Si, obtained under identical conditions. Therefore, the simulation results indicate that the sharp nano-spikes of b-Si do not merely provide an effective refractive index gradient for efficient light coupling into the Si bulk, but more importantly generate electric field hot-spots, which transfer their energy directly into the spikes. This complex distribution of deposited energy drives thermal flow and defines the temperature difference on the hot-contact. Formation of light hot spots on b-Si coated by Au can further enhance light concentration required for surface enhanced Raman scattering (SERS) [10] .
Black-Si random spikes resembles geometry of thin Si solar cells made out of micron-deep pyramidal holes [11] , [12] . Such micro-structured surface has antireflection property due to gradually changing effective refractive index with depth as well as capability to redirect most of incoming light parallel to surface when slanted conical pores are made. Fabrication of b-Si is much simpler as compared with electron beam lithography (EBL) defined patterns with sub-micrometer resolution structures. It was demonstrated [13] - [15] by numerical simulations that slanted conical holes arranged in a photonic crystal (PhC) lattice in an active 1600-nm-thick Si-layer on top of a silver reflector would increase solar cell absorbance up to 85% of the solar light in a spectral window of 300 to 1100 nm. This exceeds the statistical ray trapping limit [16] . The optimum structure had period Λ = 850 nm and maximum cone diameter D = 1000 nm. It was found numerically [17] that slanted cone geometry is robust for typical experimental errors encountered in fabrication of such patterns using ion milling.
Although in this work black-Si with pyramids of ∼250 nm height was used, the aspect ratio of spikes can be tuned for optimal solar spectrum absorption up to a height of ∼3 μm by adjusting the plasma etching conditions [9] . As simulations show (Fig. 5) , most of the light is concentrated in the spikes and just below them. Hence, such simple random spike geometry could be appealing for the efficient thin Si solar cells and combined with thermoelectric power generator would make efficient solution in light-to-electrical power conversion.
V. CONCLUSIONS
B-Si with Au colloidal nanoparticles was used as a radiation collector in order to enhance the Seebeck effect driven photothermoelectrical generation. FDTD simulation results show, that b-Si enhances radiation absorbtion with the spikes working as both, effective refractive index couplers for radiation to enter the Si bulk, and to generate hot-spots for efficient energy deposition directly into the spikes. Significant increase in thermoelectrical conversion output voltage was observed due to increased photon scattering by nanoparticles giving rise to a significant increase in absorption by the nanotextured bSi surface. Optical, thermal, and bactericidal [18] properties of b-Si are expected to be used in number of applications. In future work we plan to model heat and temperature transients in b-Si after an optical energy deposition shown in Fig. 5 .
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